Lactobacillus plantarum strains produce either glycerol (Gro)-or ribitol (Rbo)-backbone wall teichoic acid (WTA) (Gro-WTA and Rbo-WTA, respectively). The strain WCFS1 has been shown to be able to activate the tarIJKL locus involved in Rbo-WTA synthesis when the tagD1F1F2 locus for Gro-WTA synthesis was mutated, resulting in switching of the native Gro-WTA into Rbo-WTA. Here, we identify a regulator involved in the WTA backbone alditol switching and activation of the tarIJKL locus. Promoter reporter assays of the tarI promoter (P tar ) demonstrated its activity in the Rbo-WTA-producing mutant derivative (DtagF1-2) but not in the parental strain WCFS1. An electrophoresis mobility shift assay using a P tar nucleotide fragment showed that this fragment bound to P tar -binding protein(s) in a cell-free extract of WCFS1. Three proteins were subsequently isolated using P tar bound to magnetic beads. These proteins were isolated efficiently from the lysate of WCFS1 but not from the lysate of its DtagF1-2 derivative, and were identified as redox-sensitive transcription regulator (Lp_0725), catabolite control protein A (Lp_2256) and TetR family transcriptional regulator (Lp_1153). The role of these proteins in P tar regulation was investigated by knockout mutagenesis, showing that the Dlp_1153 mutant expressed the tarI gene at a significantly higher level, supporting its role as a repressor of the tarIJKL locus. Notably, the Dlp_1153 mutation also led to reduced expression of the tagF1 gene. These results show that Lp_1153 is a regulatory factor that plays a role in WTA alditol switching in Lb. plantarum WCFS1 and we propose to rename this gene/protein wasR/WasR, for WTA alditol switch regulator.
INTRODUCTION
The cytoplasmic membrane of Gram-positive bacteria is covered by a thick cell wall consisting of multiple layers of peptidoglycan, protecting the intracellular environment against mechanical, chemical and osmotic stresses (Kleerebezem et al., 2010; Delcour et al., 1999) . The cell wall typically comprises several other molecules, such as teichoic acids (TAs), polysaccharides and (glyco)proteins (Kleerebezem et al., 2010; Delcour et al., 1999) . TAs are one of the most studied anionic cell wall polysaccharides of Gram-positive bacteria. Most Gram-positive bacteria produce two distinct types of TA: wall teichoic acid (WTA), which is covalently linked to the N-acetylmuramic acid residue of peptidoglycan, and lipoteichoic acid (LTA), which is anchored in the cytoplasmic membrane via a glycolipid anchor (Weidenmaier & Peschel, 2008) . The backbone of TAs consists of alditol phosphate repeating units joined via phosphodiester bonds (Weidenmaier & Peschel, 2008) . LTAs are commonly composed of repeating units of glycerol phosphate (Gro-P), whereas WTAs contain a variety of different alditol phosphates, although Gro-P and ribitol phosphate (Rbo-P) are the most common (Neuhaus & Baddiley, 2003) . Both WTAs and LTAs are frequently decorated with D-alanyl moieties and/or glycosyl residues, which substantially increase the structural variation owing to the flexibility of chemical species and configuration of the glycosidic bond (Weidenmaier & Peschel, 2008; Neuhaus & Baddiley, 2003) . In several Gram-positive bacteria, the alditol incorporated into the WTA backbone varies among different strains. Strains displaying either Gro-or Rbo-containing WTA in their cell walls are known in Bacillus subtilis and Staphylococcus aureus. Extensive studies on the biosynthesis of the different WTAs in these species generated fundamental information on their synthesis pathway and the genes involved, including the recognition of tag and tar gene clusters involved in the biosynthesis of Gro-and Rbocontaining WTA, respectively (Lazarevic et al., 2002; Xia et al., 2010) . The majority of the Lactobacillus strains and species studied to date were shown to produce Gro-type WTA consistently, although some species were reported to produce no WTA, e.g. Lactobacillus fermentum, Lactobacillus casei, Lactobacillus reuteri and Lactobacillus rhamnosus (Kleerebezem et al., 2010; Bron et al., 2012b) . Intriguingly, Lactobacillus plantarum appears to be unique in its capacity to produce either Gro-or Rbocontaining WTA in the cell wall (Tomita et al., 2010) . Previous WTA studies in different Lb. plantarum strains revealed a variety of strain-specific chemical structures of the WTA, including differences in backbone alditol (Rbo or Gro) and the positioning of a-D-glucosyl residues on or within the alditol phosphate backbone (Tomita et al., 2012) . The Gro-or Rbo-WTA production in Lb. plantarum depends on two distinct genetic clusters harbouring tag or tar genes (Tomita et al., 2010) . The cluster encoding tagD1-tagF1-tagF2 (the tag locus) is only present in Gro-WTA-producing strains and absent in the Rbo-WTA-producing strains, and determines the Gro-WTA phenotype. Conversely, the tar locus (tarI-tarJ-tarKtarL) appears to be present in the genome of all Lb. plantarum strains, irrespective of the WTA type they produce (i.e. either Gro or Rbo), but is only expressed in strains producing the Rbo-WTA (Tomita et al., 2010) . Consequently, these genetic distinctions in tag and tar loci presence and expression seem to determine the production of Gro-or Rbo-WTA in Lb. plantarum. Previous work in our laboratory showed that mutation of the tagF1-F2 coding regions in the Gro-WTA-producing strain WCFS1 (Kleerebezem et al., 2003; Siezen et al., 2012) led to upregulation of the normally silent tar locus, inducing WTA alditol switching in this mutant strain to Rbo-WTA production (Bron et al., 2012a) . Moreover, the structure of the Rbo-WTA produced in this mutant strain appeared to be novel as compared to those determined for other Rbo-WTA-producing strains of Lb. plantarum . Notably, the mutant displayed a significantly altered capacity to induce cytokine production in bloodderived human immune cells compared to the wild-type, suggesting that structurally distinct WTAs displayed on the bacterial cell wall can affect host immune recognition and response (Bron et al., 2012a) , and support the importance of the bacterial cell surface in host-microbe interactions (Lee et al., 2013; Bron et al., 2013) . Additionally, WTAs are considered to participate in several biological functions, such as binding of cell surface proteins, providing docking structures for bacteriophage adsorption, resistance to antimicrobial substances and modulation of metal cation homeostasis (Weidenmaier & Peschel, 2008; Neuhaus & Baddiley, 2003) .
Lb. plantarum possesses the ability to grow in a variety of environmental niches and is recognized as an important species for food production and health-promoting probiotic applications (Siezen & van Hylckama Vlieg, 2011) . The fact that Lb. plantarum can produce a variety of WTA structures (Tomita et al., 2010) indicates that WTA could affect various strain-specific functions. However, the role of WTA structures in Lb. plantarum and the regulation of the genes encoding their synthesis remain largely unknown. Based on the previous finding that WTA switching is elicited by mutation of the tag locus, we investigate here which factors influence tar-locus transcription in Lb. plantarum WCFS1. We isolated and identified a transcriptional regulator [a TetR family transcriptional regulator (TFR) encoded by lp_1153] for the tar locus and studied its role in the regulation of tag-and tar-locus expression by mutation analysis, and propose to designate this gene WTA alditol switch regulator gene/protein (wasR/WasR).
METHODS
Bacterial strains, plasmids and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Lb. plantarum strains were cultivated in de Man-Rogosa-Sharpe (MRS) broth (Merck) at 37 uC without agitation. When appropriate, MRS was supplemented with 10 mg chloramphenicol ml 21 or with 10 mg erythromycin ml 21 and 10 mg lincomycin ml 21 for the selection of plasmid transformants, integrants and gene deletion mutants. Escherichia coli KW1 (Wilson et al., 1995) and TOP10 (Life Technologies) were used as intermediate cloning hosts and were grown aerobically in tryptone yeast (TY) broth at 37 uC, which was supplemented with 10 mg chloramphenicol ml 21 or 200 mg erythromycin ml 21 when appropriate. Solid media were prepared by adding 1.5 % (w/v) agar to the broths.
DNA manipulations and transformation. The primers used in this study are listed in Table S1 (available in the online Supplementary Material). Molecular biology techniques were carried out essentially as described in previous study (Bron et al., 2012a) . Briefly, DNA amplification by PCR was performed using Novagen KOD Hot Start DNA polymerase (Merck). DNA amplicons in the reaction mixture were purified using MSB Spin PCRapace (Stratec Molecular). The JETSTAR plasmid purification kit (Genomed) and Wizard SV gel and PCR clean-up system (Promega) were used for plasmid DNA isolation from E. coli cells and DNA purification from agarose gel, respectively. FastDigest restriction endonucleases (Thermo Scientific) and T4 DNA ligase (Life Technologies) were used following the manufacturers' instructions. Transformation of Lb. plantarum strains was performed as described by Josson et al. (1989) , with minor modification: preculturing in 2 % glycine-containing medium was employed for the strain NRIC 1067 T , which displayed very low transformation efficiencies when using the standard procedure (Josson et al., 1989) .
Construction of tagD1F1F2 integrants. For the single-copy introduction of the tag locus into the chromosome of Rbo-WTAproducing strains, the integration plasmid pMEC10 was used, which does not replicate in Lb. plantarum and integrates downstream of the Ser-tRNA gene (Pavan et al., 2000) . The tag locus (tagD1F1F2), including its promoter region, was amplified using primers ic007 and ic008 using chromosomal DNA of the strain WCFS1 as a template. The resulting PCR product was digested with SacI and cloned into SfoI-SacI-digested pMEC10, yielding pNZ8202. This plasmid was subsequently used to transform different Lb. plantarum strains, specifically NRIC 1068, NRIC 1067 T and SNK24, that possess an actively transcribed tar locus and produce Rbo-type WTA, but lack the Gro-WTA-encoding tag locus. Transformants were plated on MRS agar containing erythromycin and lincomycin. Colony PCR analysis was employed to confirm the anticipated integration of the pNZ8202 vector at the Ser-tRNA-encoding locus using primer pair ic009 and tRNA. One integrant of each of the three parental strains was selected for further experiments; the integrants were designated NRIC 1068-Int, NRIC 1067 T -Int and SNK24-Int.
Promoter reporter constructions. The promoter regions of the tar loci (P tar ) of different Lb. plantarum strains were cloned upstream of the promoterless b-glucuronidase-encoding gene (gusA) of the promoter-probe vector pNZ273 (Platteeuw et al., 1994) . The upstream regions of the first gene of the tar locus (tarI) were amplified by PCR using the primer pair st001 and st002 and WCFS1 chromosomal DNA template, or st001 and st007 and NRIC 1068 chromosomal template. The strains WCFS1 and NRIC 1068 are representatives of Gro-and Rbo-WTA-producing strains of Lb. plantarum, respectively. The resulting PCR products were digested with HindIII and EcoRI, and cloned into similarly digested pNZ273, leading to pNZ8255 and pNZ8256, which harbour the gusA gene under control of the WCFS1 and NRIC 1068 tar promoter, respectively. These plasmids were used to transform various Gro-and Rbo-WTA-producing strains of Lb. plantarum, to evaluate the tar-promoter activity in different genetic backgrounds by GusA activity determination. Determination of b-glucuronidase activity was performed as described by Platteeuw et al. (1994) , with minor modifications. In short, pNZ8255 and pNZ8256 transformants were grown in MRS at 37 uC until the (pH 7.0), containing 10 mM b-mercaptoethanol, 1 mM EDTA and 0.1 % Triton X-100, v/v), followed by cell-free lysate preparation using a FastPrep cell disrupter (Thermo Scientific) with zirconium beads, and removal of beads and cell debris by centrifugation. The protein content of the lysates was determined (Pierce BCA protein assay kit; Thermo Scientific) and used to determine the specific bglucuronidase activity levels by using the chromogenic substrate p-nitrophenyl-b-D-glucuronide and 4 ml cell lysate in 100 ml reaction volume, and following the increase in absorbance at 405 nm over time at 37 uC. A plasmid-free strain of Lactococcus lactis (MG1363; Gasson, 1983) and its pNZ4040 (pNZ273 derivative harbouring the gusA gene under control of the P epsB40 promoter; van Kranenburg et al., 1997)-harbouring derivative were employed as negative and positive control in the b-glucuronidase assay, respectively.
Preparation of biotinylated P tar fragments. Three fragments of the tar promoter region (P tar ) were employed as biotin-labelled DNA probes in electrophoresis mobility shift assays (EMSAs) and the isolation of promoter-binding proteins. Initially, the entire noncoding upstream sequence of the tarI gene was amplified by PCR using the primers is299 and st003. The three P tar fragments were prepared by digestion of the resulting PCR product with SwaI/HaeII, HaeII/MvaI or MvaI/SwaI to generate 147, 74 and 73 bp fragments of the P tar region, respectively (detailed sequences are depicted in Fig. 4 ). These P tar fragments were separated by electrophoresis (in a 2.5 % agarose gel) and isolated from the gel. Biotin labelling of the P tar fragments was performed using a biotin 39 end DNA labelling kit (Thermo Scientific), following the instruction manual, and including the removal of excess reagents by phase separation using chloroform : isoamyl alcohol. To confirm the labelling efficiency, a dilution series of labelled P tar fragments was spotted onto a positively charged nylon membrane (Roche) and visualized using a chemiluminescent nucleic acid detection module (Thermo Scientific) and Carestream Kodak BioMax MS film (Sigma-Aldrich) as specified by the manufacturers. The labelled fragments were directly used in EMSA and the promoter-binding-protein isolation.
EMSA. To investigate interaction between proteins and the 147 bp biotin-labelled P tar fragment, a LightShift chemiluminescent EMSA kit (Thermo Scientific) was employed. To obtain protein extracts of mid-exponential cultures (OD 600 1.0; 10 ml culture) of Lb. plantarum WCFS1 and its DtagF1-2 derivative NZ3547Cm, cells were harvested by centrifugation, resuspended in 1 ml lysate buffer [20 mM Tris/HCl (pH 8.0), 100 mM potassium chloride, 1 mM EDTA, 0.5 mM DTT (Sigma-Aldrich), 1 mM PMSF (Sigma-Aldrich)] and disrupted by bead-beating using a FastPrep homogenizer (Thermo Scientific), followed by cell debris removal by centrifugation. The protein content of the lysates was determined. EMSA binding reactions were carried out in 10 ml EMSA buffer (10 mM Tris/HCl, 50 mM potassium chloride, 1 mM DTT, pH 7.5), containing 1 mg poly(deoxyinosinicdeoxycytidylic) acid sodium salt [poly(dI?dC)], 20 fmol of the 147 bp labelled P tar fragment and various lysate concentrations, with or without the addition of non-labelled 147 bp P tar fragment (see also Fig. 3 ). After 30 min incubation at room temperature, 2.5 ml fivefoldconcentrated Novex Hi-Density TBE sample buffer (Life Technologies) was added and half of the mixture (corresponding to 10 fmol labelled P tar fragment) was loaded into 6 % DNA retardation precast gels (1.0 mm thickness, 12 well; Life Technologies). Electrophoresis was performed in 0.5| Novex TBE running buffer (Life Technologies) using an XCell SureLock mini-cell system (Life Technologies), applying a constant voltage of 100 V at room temperature for 90 min. DNA fragments were transferred from the gel onto positively charged nylon membranes (Roche) using an XCell SureLock mini-cell blot module (Life Technologies), using the manufacturer's protocol. Membrane-bound nucleotides were immobilized by UV cross-linking for 15 min and the labelled P tar fragment was detected as described above.
Isolation and identification of P tar -binding protein. DNAbinding proteins that recognize the P tar locus of Lb. plantarum were isolated by affinity purification. To this end, the labelled 147, 74 and 73 bp P tar fragments were immobilized on streptavidin-coupled Dynabeads M-280 (Life Technologies), allowing magnetic-bead-based separation. Binding and washing (B&W) buffer was used during immobilization and washing of the beads, as described by the manufacturer of the beads. Immobilization was performed by mixing the streptavidin beads suspended in B&W buffer (following Life Technologies protocols) with an equal volume of labelled P tar fragment directly obtained from the labelling reaction mixture described above, and incubation at room temperature for 15 min. Subsequently, the beads were washed twice with B&W buffer and used for co-incubation with protein lysates. As a negative control, beads that lacked the immobilized P tar fragment were used. Bacterial cell lysates were prepared by the method described above with the modification of replacing the lysate buffer with the EMSA buffer to allow their direct use in the affinity purification without dilution. Co-incubation of the beads containing the immobilized P tar fragments and the lysates was performed at room temperature for 30 min with gentle rotation, in the presence of poly(dI?dC) at a concentration of 0.1 mg ml
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. After washing the beads five times with the B&W buffer, the proteins bound to the beads were eluted by a stepwise elution of increasing sodium chloride concentration (0.1, 0.5 and 1.0 M) in EMSA buffer without DTT. As PAGE analysis confirmed the presence of proteins in the 0.5 M sodium chloride fraction, this co-incubation and stepwise elution process was iterated eight times, and the fractions were pooled and stored at 220 uC until further protein analysis. For PAGE analysis, eluted P tar -binding-protein samples were prepared by heating at 70 uC for 10 min in NuPAGE LDS sample buffer with NuPAGE reducing agent (Life Technologies). The samples were loaded in Novex 4-12 % Bistris gel (1.5 mm thickness, 10 wells; Life Technologies) and the gel was run in NuPAGE MES running buffer containing NuPAGE antioxidant (Life Technologies) applying a constant voltage of 150 V for 60 min. Precision Plus protein maker (Bio-Rad Laboratories) was used as a size marker.
In an initial experiment, 50 pmol of the 147 bp biotin-labelled P tar fragment was immobilized on 0.5 mg streptavidin beads and co-incubated with 1 ml WCFS1 cell lysate (1 mg total protein ml 21 ). After washing of the beads, bound proteins were eluted in 13 ml elution buffer, and 26 ml of the pooled eluates was analysed by PAGE, stained using Oriole fluorescent gel stain (Bio-Rad Laboratories) and visualized by a ChemiDoc system with ImageLab operating software. To compare differences in the promoter-binding proteins, a subsequent experiment used cell lysates obtained from the wild-type (WCFS1) strain and its DtagF1-2 derivative (NZ3547Cm) using the different P tar fragments (147, 74 and 73 bp fragments) in separate analyses. In short, 10 pmol each P tar fragment was immobilized onto 0.1 mg streptavidin beads, the P tar -fragment immobilized beads were divided into two aliquots that were co-incubated with 250 ml of the lysates of WCFS1 or NZ3547Cm (1 mg total protein ml 21 ), and bound proteins were eluted in 6.5 ml of the elution buffers. PAGE analysis was performed using 13 ml pooled eluates and the gels were stained with the Pierce silver stain kit for mass spectrometry (Thermo Scientific) using the manufacturer's protocol with modifications that resulted in a better electrophoretic image: fixing with 40 % (v/v) ethanol in 10 % acetic acid for 1 h, ethanol wash with 30 % ethanol for 2|10 min. amounts of protein and peptides, Protein LoBind tubes (Eppendorf) were used for all the following processes. The proteins in the gel pieces excised from the PAGE gels were reduced overnight with 10 mM DTT in 50 mM ammonium bicarbonate (ABC) buffer (pH 8.0) at room temperature and subsequently alkylated with 20 mM iodoacetamide in 100 mM Tris buffer (pH 8.0) at room temperature in the dark for 1 h. After washing thoroughly, the gel pieces were incubated overnight in ABC buffer containing 50 pg bovine sequencing grade trypsin (Roche) ml 21 at room temperature. The solution was sonicated briefly to extract digested peptides, and its pH was adjusted between 2 and 4 with 10 % trifluoroacetic acid. After centrifugation, the gel pieces were extracted again with 2 % trifluoroacetic acid and the combined supernatants were used for peptide identification. The LC MS-MS analysis was performed on a Proxeon EASY-nLC system (Thermo Scientific) coupled with an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific). The chromatographic separation was performed on a combination of a Magic C18AQ 200A 5 mm beads preconcentration column with a Magic C18AQ 200A 3 mm beads analytical column (Michrom Bioresources) (Lu et al., 2011) . LC MS runs with all MS-MS spectra obtained were analysed with MaxQuant 1.3.0.5 (Cox & Mann, 2008) as described previously (Smaczniak et al., 2012) using false discovery rates of 1 % both on peptide and protein level after searching MS-MS spectra against a common contaminants database and a Lb. plantarum database.
Gene deletion mutant construction. Gene deletion of lp_0725 and lp_1153 was performed by double-crossover gene replacement, employing a previously described Cre-lox-based mutagenesis system (Lambert et al., 2007; Lee et al., 2014) . Briefly, approximately 1 kbp sized upstream and downstream flanking regions of the gene targets were amplified by PCR using is366-LFF/is367-LFR and is368-RFF/ is369-RFR primer pairs for the replacement of lp_0725, and is372-LFF/is373-LFR and is374-RFF/is375-RFR for the replacement of lp_1153. Subsequently, the amplicons were connected to a chloramphenicol resistance cassette (lox66-P 32 cat-lox71), which was amplified from pNZ5319 (Lambert et al., 2007) , using is128 taglox66-F3 and is129 tag-lox71-R3 primers, by overlap extension PCR using the primer pairs is366-LFF/is369-RFR and is372-LFF/is375-RFR for lp_0725 and lp_1153, respectively. The generated PCR products were cloned directly into SwaI-Ecl136II-digested pNZ5319, yielding pNZ3563 and pNZ3564, respectively. These mutagenesis vectors were isolated from the E. coli intermediate cloning host and used to transform Lb. plantarum WCSF1, and transformants displaying a Cm r Em s phenotype [see Lambert et al. (2007) for detailed procedures] were selected and the anticipated gene replacement genotypes (Dlp_0725 : : cat and Dlp_1153 : : cat) were confirmed by PCR using the primer pairs of is365-outF/is370-outR and is371-outF/ is376-outR for lp_0725 and lp_1153, respectively. The resulting strains were designated NZ3563 (Dlp_0725 : : cat) and NZ3564 (Dlp_1153 : : cat), respectively.
Quantitative reverse transcriptase PCR (RT-PCR) analysis.
Total RNA was isolated as described previously (Stevens et al., 2008) , using phenol/chloroform extraction followed by further purification with the High Pure RNA isolation kit (Roche). The yield of the RNA was determined by measuring absorbance at 260 nm with an Ultrospec 3000 spectrophotometer (Pharmacia Biotech) and the quality was assessed using an Agilent 2100 Bioanalyser (Agilent Technologies), following the manufacturer's instructions. Only RNA samples displaying 16S rRNA : 23S rRNA ratios of 1.6 or higher were used for subsequent experiments. To eliminate remaining genomic DNA contamination, a DNase I treatment (Life Technologies) was applied for all RNA isolates. First-strand cDNA was synthesized using SuperScript III reverse transcriptase (Life Technologies), and quantitative RT-PCR was carried out, at least in duplicate, on an ABI PRISM sequence detection system (Applied Biosystems) using SYBR green Master Mix (Applied Biosystems), as described previously (Marco et al., 2009) . Primer pairs lp006F/lp006R, is242/is243 and is244/is245 were used for amplification of gyrB, tarI and tagF1, respectively (Table S1 ). Determination of the copy number for each transcript was performed by generating calibration curves of the starting cDNA concentrations against the C t values observed in duplicate.
Isolation and characterization of WTA. WTA extraction from the cell walls of Lb. plantarum strains and purification by anion-exchange chromatography were performed as described in our previous study . To investigate the potential WTA alditol switching in Rbo-type-producing strains upon the integration of the pNZ8202 vector, compositional analysis for alditols was performed by high performance anion-exchange chromatography (HPAEC). For sample preparation, WTAs were hydrolysed in 2 M hydrochloric acid at 100 uC for 3 h, and excess acid was removed using a centrifugal vacuum evaporator over pellets of sodium hydroxide. The dried hydrolysates were dissolved in water at a final concentration of 0.1 mg ml 21 and subjected to HPAEC analysis. Alditols were separated on a CarboPac MA1 column with a CarboPac MA1 guard column (Dionex) at 40 uC using an isocratic elution by mixing 400 mM sodium hydroxide, 100 mM sodium acetate and water (67 : 30 : 3, by vol.) at a flow rate 0.5 ml min
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. Eluted alditols were detected on a pulsed amperometric detector. For structural comparison, 1 H NMR spectra of the isolated WTAs were recorded in deuterium oxide on an Avance III 500 MHz NMR spectrometer (Bruker BioSpin) under the conditions described previously .
RESULTS AND DISCUSSION

WTA alditol switching in Rbo-WTA-producing strains
We speculated that the expression of the tag locus and the corresponding Gro-WTA production actively silences the endogenous tar locus. To evaluate this hypothesis, an integration vector harbouring the tag locus from strain WCFS1 under the control of its own promoter (pNZ8202) was constructed and introduced in strains that normally produce Rbo-WTA (NRIC 1068, NRIC 1067 T and SNK24; Table 1 ). The resulting strains encode both the tag and tar loci, similarly to the Gro-WTA-producing strains, and were used to analyse the WTA they produced to determine the impact of tag locus expression in an Rbo-WTAproducing background. Data from HPAEC and NMR spectrometric analyses showed that integration of the tag locus in the genome of Rbo-WTA-producing strains affected the composition and structure of the WTA(s) they produced. However, complete alditol switching from the native Rbo-WTA to Gro-WTA was not observed, indicating that tag expression does not directly silence tar-locus expression. In fact, both Gro and Rbo were detected in the WTA hydrolysates of these strains (Fig. 1a) , implying that both tag and tar loci are actively expressed. Comparison of the 1 H NMR spectra of the WTAs isolated from the integrant strains indicated structural changes in the surface polymers (Fig. 1b) . The anomeric signals derived from the glycosyl residues, appearing in the spectral range of 4.90-5.30 p.p.m., were notably different between the Rbo-WTA-producing parent and its tag-locus-expressing derivative. As illustrated in our previous work (Tomita et al., 2012) , anomeric signals can facilitate the discrimination of different WTA structures amongst Lb. plantarum strains. The signal at 4.94 p.p.m. newly appeared in the spectra of the integrants (indicated by an arrow in Fig. 1b , and in Fig. S1 ) was most likely from an anomeric proton of an a-glucosyl residue in Gro-WTA, which is based on the compatibility of chemical shift and coupling constant (4.94 p.p.m. and J HH 53.7 Hz, respectively). Notably, for NRIC 1068, the clearly differentiated intensities of two anomeric signals at 5.10 and 5.25 p.p.m., which derive from the Rbo-WTA (Tomita et al., 2012) , in the tag-locus integrant compared to the parental strain, indicate that the tag-locus expression and Gro-WTA production also altered the glucosylation level of the native Rbo-WTA produced by these strains. Overall, the chemical characterization of the WTAs of the tag-locusexpressing integrants does support the production of mixed Gro-and Rbo-type WTA and indicates that taglocus expression and Gro-WTA production in itself does not lead to shutdown of Rbo-WTA production, although the mixed WTA production did appear to affect the structural properties of the Rbo-WTA. Intriguingly, the complemented DtagF1-2 mutant (NZ3547-Int), which was established by integration of pNZ8202, also appeared to produce the mixed WTA and did not shut down Rbo-WTA production (Fig. S2) , suggesting that the change elicited in activation of the Rbo-WTA production is non-reversible.
Promoter activity of the tar locus (P tar ) in strains producing Gro-or Rbo-WTA Previous analyses established that sequence conservation of tar loci in Gro-and Rbo-WTA strains is relatively low (Tomita et al., 2010) . Notably, the sequence upstream of the tar locus, i.e. its promoter region, appears substantially different between the Gro-and Rbo-WTA-producing strains. Consequently, it is possible that the observations described above are the result of differential tar promoter (P tar ) responses in the strains producing the different WTA types. To investigate the possible differential regulation of the P tar activity, the P tar promoter regions were amplified from Gro-and Rbo-WTA-producing strains (WCFS1 and NRIC 1068, respectively) and cloned in a promoter-probe vector, where they control the expression of the b-glucuronidase-encoding gusA gene (pNZ8255 and pNZ8256, respectively). The resulting P tar -gusA constructs were introduced into a panel of Gro-and Rbo-WTAproducing strains to evaluate their relative activity (Fig. 2a) . The activity of P tar derived from WCFS1 (Gro-WTA; pNZ8255) was very low and comparable to the negative control level of GusA activity, in all strains tested. In contrast, the P tar derived from NRIC 1068 (Rbo-WTA; pNZ8256) consistently gave high GusA activity irrespective of the Gro-or Rbo-WTA strain background. This result clearly indicates that the difference in tar-locus expression in the Gro-and Rbo-WTA-producing strains is strictly depending on the difference in the P tar sequence. However, a previous study in our lab clearly established the activation of the normally silent P tar , leading to expression of the tar locus in a derivative of strain WCFS1 in which the Gro-WTA-producing pathway was mutated (tagF1F2 deletion strain) and supporting Rbo-WTA production by this strain (Bron et al., 2012a; . Introduction of the WCFS1-derived P tar promoter-probe construct (pNZ8255) confirmed that although this promoter was inactive in the native WCFS1-background it was strongly active in the DtagF1-2 mutant derivative of this strain (Fig. 2b) , which is in good agreement with our earlier studies (Bron et al., 2012a) . Apparently, the disruption of the Gro-WTA-producing capacity leads to activation of tar-locus expression by relief of repression or activation of the P tar region, via an unknown regulatory mechanism.
P tar -protein-binding detection by EMSA To investigate whether regulatory proteins could be involved in the observed activation of the P tar -driven expression in the tagF1-2 mutant background of strain Lb. plantarum WCFS1, EMSA experiments were performed using a biotinylated P tar fragment (147 bp) and cell-free lysates of strains WCFS1 and its tagF1-2 derivative. Initially, a series of concentrations of the lysate prepared from WCFS1 was incubated with the biotin-labelled P tar fragment in the presence and absence of a non-labelled competitive P tar fragment and subjected to EMSA (Fig. 3a) . With increasing WCFS1 lysate concentration, a specifically shifted P tar band appeared (Fig. 3a, lanes  5-8) , which is indicative of the presence of P tar -binding protein(s) in the WCFS1 lysate. The specificity of the P tar band with shifted mobility is supported by the effective binding competition of added non-labelled P tar fragment, which also illustrates the non-specificity of the P tar shifted band of lower mobility (Fig. 3a, lanes 9-11) . Subsequently, the occurrence of the shifted P tar band was compared between lysates obtained from WCFS1 and its DtagF1-2 derivative, revealing no obvious differences, although the P tar shift appeared to be less efficient in the DtagF1-2 lysate as compared to its parental strain (Fig. 3b) . Although the presence of P tar -binding protein was confirmed, these issues hampered further comparison on the binding protein of interest under physiological condition.
Isolation and identification of P tar -binding protein(s)
To identify P tar -binding protein(s) in the cell lysates, the 147 bp biotin-labelled P tar DNA fragment was bound to streptavidin magnetic beads and used for affinity purification of binding proteins from the WCFS1 lysate. The isolated binding protein fraction was separated by SDS-PAGE and visualized quantitatively by Oriole fluorescent gel stain (Fig. 4a) . Two protein bands observed in the gel image (Fig. 4a, lane 2 , bands A and E) were detected and identified by in-gel tryptic digestion followed by peptide mass fingerprinting. The proteins were identified as DNAdirected DNA polymerase I (44 unique peptide matches, 60.0 % sequence coverage, encoded by lp_1508) and DNAbinding protein (15 unique peptide matches, 85.7 % coverage, lp_1879). The latter protein is annotated as HbsU, and shares homology with a histone-like protein in B. subtilis, which has been reported to bind DNA without obvious sequence specificity (Micka et al., 1991) . Although these two proteins likely possess DNA-binding ability, their functions do not seem to be directly relevant to regulation of the tar locus.
To further investigate the proteins binding to P tar , subsequent experiments employed cell lysates obtained from strain WCFS1 as well as its DtagF1-2 derivative (Fig. 4b) . In addition, next to the 147 bp P tar fragment, also two smaller fragments (74 and 73 bp) that encompass either the 59-or 39-sequence of the 147 bp fragment were employed in affinity purification (Fig. 4c) . Moreover, to detect proteins of lower abundance in SDS-PAGE, proteins were visualized by silver staining, which is more sensitive as compared to the Oriole fluorescent gel stain. For each of the P tar fragments used (147, 74 and 73 bp), the proteins previously identified (DNA polymerase I and DNA-binding protein) were again detected as the most Shifted   1000  1000  1000  1000  500  250  125  63  31  1000   10  100  ---------2  3  4  5  6  7  8  9  10  11 Lane:
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WT lysate: Non-specific predominant bands in the gel pattern (Fig. 4b , bands A and E). Moreover, the band intensities of these proteins appeared to be comparable for the two strain-specific lysates used, supporting the conclusion that these proteins bind non-strain-specifically to these DNA fragments. Besides these consistently isolated proteins, three protein bands appeared to be isolated with higher efficiency from the wild-type lysate (WCFS1) as compared to the DtagF1-2 lysate (Fig. 4b, bands B, C and D) , which could imply a role of these proteins in suppression (repressor function) of P tar activity in the wild-type strain. Notably, all three protein bands were obtained using the 147 bp P tar fragment, while the 74 and 73 bp P tar fragments appeared to selectively bind one (band D) and two (bands B and C) of the proteins, respectively. For protein identification, the bands B and C were isolated from the protein fraction obtained with the 73 bp P tar fragment (Fig. 4b , lane 5), whereas the band D was isolated from the fraction obtained with the 74 bp P tar fragment (Fig.  4b, lane 3) . The three proteins were identified as catabolite control protein A (6 unique peptide matches, 19.9 % sequence coverage, encoded by lp_2256, band B), redoxsensitive transcription regulator (14 unique peptide matches, 72.0 % coverage, lp_0725, band C) and a TFR (9 unique peptide matches, 49.0 % coverage, lp_1153, band D).
It has previously been reported that the genes encoding the identified proteins were expressed in the DtagF1-2 strain at a level that is comparable to that observed in the wild-type strain (Bron et al., 2012a) . Therefore, the absence of these protein bands in the PAGE analysis above (Fig. 4) could be explained by (i) selective degradation of the proteins in the DtagF1-2 strain, or (ii) the selective loss of binding to the DNA fragments of these proteins in the DtagF1-2 strain. Catabolite control protein A, detected as band B, is a well-known global regulator, CcpA, that plays a key role in catabolite repression and coordinates carbohydrate transport and metabolism functions in response to the availability of different carbon sources (Muscariello et al., 2001) . The other two proteins identified, Lp_0725 (band C) and Lp_1153 (band D), are both annotated to exert roles in gene regulation, although their respective target genes remain unknown. Therefore, they could potentially be involved in the postulated repression of the tar-locus expression via their binding capacity to the P tar upstream region in the wild-type WCFS1 strain.
Expression analysis for tar and tag loci in the P tar -binding-protein deletion mutants
To investigate the postulated role of Lp_0725 and Lp_1153 in controlling P tar activity, deletion derivatives of the strain WCFS1 were constructed that lack these genes, Dlp_0725 (strain NZ3563) and Dlp_1153 (strain NZ3564).
To evaluate the role of the mutated genes in regulation of the WTA alditol switching (Bron et al., 2012a) , the level of expression of the tag and tar loci in these strains and their parental strain was assessed by quantitative RT-PCR targeting the tarI and tagF1 genes, and using the gyrB transcript as an internal housekeeping reference gene. The expression level of the tarI and tagF1 genes appeared to be the same in the wild-type strain and its Dlp_0725 derivative (Fig. 5) , indicating that the redoxsensitive transcription regulator encoded by lp_0725 does not play a role in tar-or tag-locus expression and is unlikely to contribute to the WTA alditol switching observed in the DtagF1-2 mutant derivative of strain WCFS1 (Bron et al., 2012a) . Similarly, the expression level of the two genes was not significantly different in a previously constructed DccpA mutant derivative of WCFS1 (Muscariello et al., 2001 ; data not shown), again eliminating a direct role of CcpA in tar-or tag-locus expression.
In contrast, mutation of the TFR-encoding lp_1153 gene in strain WCFS1 led to increased tarI expression (2.2-fold increased expression, P50.013, Fig. 5 ). This observation is in agreement with a role of Lp_1153 in repression of tar-locus expression in the wild-type strain, which is apparently relieved in the DtagF1-2 mutant, which is also supported by the isolation of Lp_1153 from the WCFS1-derived lysate but not from the lysate derived from the DtagF1-2 mutant (Fig. 4b, band D) . Moreover, Lp_1153 apparently recognizes a sequence present within the 74 bp P tar fragment and not in the downstream 73 bp P tar fragment (Fig. 4b, lanes 3 and 5) . Intriguingly, deletion of lp_1153 also affected the expression of the tag locus, resulting in close to 2-fold reduced tagF1 expression (1.72-fold reduced expression, P50.003). Consequently, the ratio of tagF1 and tarI mRNA levels (tagF : tarI) was estimated to be approximately fourfold decreased in the Dlp_1153 (tagF : tarI *40) as compared to the wild-type strain and its Dlp_0725 derivative (tagF : tarI *150), indicating a substantial change of relative expression of the two loci involved in WTA production, although the Dlp_1153 strain is still not likely to produce a detectable amount of Rbo-WTA. The mechanism underlying this inverse regulation of the tar and tag loci in Lb. plantarum WCFS1 remains unclear, and it may be that the activity of the tar locus and the concomitant activation of Rbo-WTA synthesis affects the expression of the tag locus indirectly, possibly by interactions of the Gro-and Rbo-WTA biosynthesis pathways within the overall metabolic network.
Lp_1153 was originally annotated as a TFR that is widely distributed in bacteria and regulates genes involved in a variety of phenotypes (Cuthbertson & Nodwell, 2013) . The genome of Lb. plantarum WCFS1 harbours 26 genes annotated as TFRs (Kleerebezem et al., 2010; Siezen et al., 2012) . The amino acid sequences of the helix-turn-helix domains within the TFRs do not share substantial similarities among the Lb. plantarum TFRs, implying that the TFR members in this species recognize and bind to distinct DNA motifs within the genome. Moreover, the sequence of Lp_1153 appeared to be unique among the lactobacilli, disallowing the prediction of its regulation target on the basis of homologous regulators with known DNA-binding specificity and/or target genes, in close relative species. Since TFRs often recognize palindromic cis-acting elements, the 74 bp 59-fragment that bound Lp_1153 was subjected to EMBOSS Palindrome (Rice et al., 2000 ; http://emboss. bioinformatics.nl/cgi-bin/emboss/palindrome), allowing the identification of a 16 bp palindromic sequence (four mismatches, without gaps) that could represent the DNA-binding site of Lp_1153 (Fig. 4) . Notably, this palindromic sequence overlapped with a proposed promoter sequence within the same region, which may explain how Lp_1153 binding could lead to repression of expression of the downstream tar locus, because it could prevent promoter recognition by the RNA polymerase complex.
Using the palindrome sequence, the FIMO module in the MEME motif search suite (Grant et al., 2011;  http://memesuite.org/tools/fimo) was used to identify homologous sites upstream of protein-encoding genes within the Lb. plantarum genome, identifying four sequence motifs upstream of lp_0517 (hypothetical protein), lp_1815 (membrane protein), lp_2472 (prophage P2b protein 9) and lp_2482 (hypothetical protein) (see Table S2 ). The functions encoded by these genes do not provide a functional connection to the proposed role of Lp_1153 in regulation of the tar-locus expression, and modulation of WTA alditol switching in Lb. plantarum. Notably, the palindromic sequence was absent from the promoter of the tar locus in Rbo-WTA-producing strains (data not shown), which is in agreement with the lack of repression of such a promoter in the Gro-WTA-producing strains (see above).
Overall, although it is far from trivial to predict TFR target genes (Cuthbertson & Nodwell, 2013) , our experiments establish that the lp_1153-encoded TFR binds to the 59-upstream fragment of the tarI promoter region (74 bp fragment; Fig. 4 ). An Lp_1153-deficient strain displays a substantially altered expression ratio of the tar and tag loci, supporting the role of Lp_1153 in WTA alditol switching in Lb. plantarum (Bron et al., 2012a) , which we propose to involve Lp_1153 binding to the palindromic cis element present within the 74 bp tar-promoter fragment. Further specification of the DNA sequence recognized by Lp_1153 may be achieved by DNase footprinting and EMSA analysis using the purified protein.
Although our results indicate a regulatory role of Lp_1153 in tar locus expression and WTA alditol switching, it is quite likely that additional regulatory circuits play a role as well. In particular, the observation that expression of the tar locus in the DtagF1-2 derivative of strain WCFS1 is substantially higher than the tarI expression measured in the Dlp_1153 mutant implies that additional regulatory factors besides Lp_1153 are involved, like the suggested metabolic interactions between the Gro-and Rbo-WTA biosynthesis pathways (see also above).
CONCLUSION
The altered WTA alditol backbone produced by the DtagF1-2 derivative of Lb. plantarum WCFS1 has previously revealed that Lb. plantarum strains that produce Gro-WTA possess the capability to synthesize and display Rbo-WTA (Bron et al., 2012a) . However, the molecular mechanism of this WTA alditol switching remained unclear, with little known about the regulation mechanisms in Lb. plantarum that underlie the synthesis of a single WTA type while it has the genetic potential to also produce an alternative structure. The data presented in this study identified the protein encoded by lp_1153 as a repressor of the tar locus in a Gro-WTA-producing Lb. plantarum strain. This protein was originally annotated as a TFR (GenBank accession no. CCC78542) and was demonstrated to bind the tar promoter region, between 172 and 98 bp upstream of the tarI start codon (Fig. 4c) , which contains a palindrome sequence that we postulate to be the DNA-binding site of the Lp_1153 repressor. Intriguingly, Lp_1153 deficiency led to tar-locus activation as well as downregulation of tag-locus expression, supporting a central role of this regulator in alditol switching. However, the impact of Lp_1153 deficiency on tar expression was substantially smaller than the impact of tagF1-F2 deletion, suggesting that the regulatory circuit involved in Rbo-and Gro-WTA synthesis involves probably more than only Lp_1153 repression. Based on its role as one of the central factors involved in WTA alditol switching in Lb. plantarum WCFS1, we propose to rename lp_1153/ Lp_1153 as wasR/WasR, which stands for WTA alditol switch regulator.
